Abstract: This paper is concerned with the output feedback stabilization problem of networked control systems (NCSs) with random communication delays. Mean-square stability is derived for the closed-loop NCSs. Based on this, the one-mode-dependent output feedback controller is designed, and the explicit expressions of the controller gains are obtained in terms of linear matrix inequalities (LMIs). A numerical example is provided to show the effectiveness and applicability of the proposed results. 
INTRODUCTION


Networked control systems (NCSs) are feedback control loops closed through a real time network. That is, in NCSs, sensors, controllers, actuators and other system components communicate over communication networks (Zhang, Branicky, & Phillips, 2001 ). The use of communication networks offers many advantages in terms of low cost, reduced weight, simple installation and maintenance, and high reliability. As a result, NCSs have great potential in applications in manufacturing plants, vehicles, aircrafts and spacecrafts (Walsh, Ye, & Bushnell, 2002) . However, the introduction of networks also presents some constraints such as time delays, packet dropouts, and so on, which make the NCS analysis and synthesis complex. Therefore, the control problem of NCSs has attracted considerable research interests.
Among a few others, network-induced delay is probably the most important issue to be addressed for NCSs. And it is usually caused by the limited bit rate of the communication channel, by a node waiting to send out a packet via a busy channel, or by signal processing and propagation. The delays may be constant (Yu et al., 2004a) , time-varying (Yu et al., 2004b) , and, in most cases, random (Gao, Meng, & Chen, 2008; He, Wang, & Zhou, 2009; Nilsson, 1998; Shi & Yu, 2009; Tsai & Ray, 1997; Wang, Ho, & Liu, 2004; Xiao, Hassibi, & How, 2000; Yang et al., 2006; Zhang et al., 2005) . In the literature, there have been basically two approaches for modelling the random delay phenomenon in the NCSs. The first approach is to view the delay as a binary switching sequence which obeys a Bernoulli distributed white sequence taking on values of zero and one with certain probability (Gao, Meng, & Chen, 2008; Tsai & Ray, 1997; Wang, Ho, & Liu, 2004; Yang et al., 2006) . The other way to model the delay is to employ the finite state Markov chain (He, Wang, & Zhou, 2009; Nilsson, 1998; Shi & Yu, 2009; Xiao, Hassibi, & How, 2000; Zhang et al., 2005) . Compared with the first approach, the Markov model has two main advantages: (1)  This work was supported by the National Natural Science Foundation of China (Grant No. 61074092) , and the Natural Science Foundation of Shandong Province (Grant No. ZR2010FM019). the dependences between delays are taken into account since in real networks the current time delays are usually related with the previous delays (Nilsson, 1998) ; (2) the packet dropout could be included naturally (Xiao, Hassibi, & How, 2000) . Recently, there have been some results published on such a model (He, Wang, & Zhou, 2009; Shi & Yu, 2009; Zhang et al., 2005) . Zhang et al. (2005) modelled the sensorto-controller (S-C) and the controller-to-actuator (C-A) delays as two different Markov chains, and based on this, designed a two-mode-dependent state feedback controller. However, they inherently assumed that at each sampling instant, the current S-C delay sequence varying in a Markovian fashion in the measurement model, the robust fault detection problem was studied for a class of networked systems with unknown input, multiple state delays, and data missing (He, Wang, & Zhou, 2009 ).
Although NCSs with random delays modelled as Markov chain have been studied for a few years, there are still some interesting problems that deserve further research. To the best of authors' knowledge, the design of one-mode-dependent output feedback controller for NCSs with both S-C delay be lumped together, and the new variable is defined as
chain, then mean-square stability is derived for the closedloop NCSs. Based on it, the output feedback controller is designed. A linear matrix inequality (LMI) approach is developed to tackle addressed problem, which can be solved conveniently by Matlab LMI Toolbox. The method proposed in this paper exhibits some similarities with the widely applied method of gain scheduling. At a sampling instant, the actuator selects the appropriate controller gain according to k d .
Fig. 1. Structure of a networked control system with random communication delays
The rest of the paper is organized as follows. Section 2 describes the NCS framework and formulates the problem of the output feedback stabilization. Section 3 first gives the necessary and sufficient conditions to guarantee the meansquare stability of the closed-loop NCSs, and then obtains the explicit expressions of the controller parameters in terms of LMIs. Section 4 provides a numerical example to illustrate the effectiveness of our results. Finally, some concluding remarks are given in Section 5.
PROBLEM FORMULATION
Consider a class of discrete-time NCSs with the structure shown in Fig. 1 . The plant is assumed to be of the form:
is the output vector, and A , B and C are known real matrices with appropriate dimensions. Moreover, the matrix C is of full-row rank, i.e.,
As is shown in Fig. 1 , the controller is not co-located with the sensor and the actuator, and it is placed in a remote location, then both sensor measurement packets and control packets are transmitted through the networks. At each sampling period, the sampled plant output y and its time stamp (i.e., the time the plant output is sampled) are encapsulated into a packet and sent to the controller. Whenever a sensor packet arrives, the controller computes a control signal array   l u .
Then, the time stamp of the used plant output is added to the control signal array   l u , and both of them are transmitted to the actuator. The buffer will compare the time stamps on the arrived control signal array and the one stored in it, and will be updated only when the time stamp on the arrived control signal array is newer.
Considering the effect of the random communication delay and the data packet dropout, we describe the one-modedependent output feedback control law as:
where k d denotes the step difference between the running step k and the time stamp of the used plant output, and it depends on the random communication delay and the data packet dropout, as described in Gao, Meng, & Chen (2008 
Applying control law (2) to system (1), we can obtain the following closed-loop system
Moreover, we augment the state vector as
. (5) Then, system (4) can be written as
where The objective of this paper is to design the output feedback controller to guarantee the mean-square stability of the NCS in (6).
Definition 1 (He, Wang, & Zhou, 2009; Xiong & Lam, 2006) . System (6) is said to be mean-square stable if
MAIN RESULTS
In this section, we first give the necessary and sufficient conditions for the mean-square stability of closed-loop system (6). Then, we investigate how to design the controller such that closed-loop system (6) is mean-square stable, and the explicit expressions of the controller gains are obtained in terms of LMIs. The following lemma is firstly introduced, which guarantees the mean-square stability of closed-loop system (6). For the ease of presentation, when system (6) is
Lemma 1. The resulting closed-loop system (6) is meansquare stable if, and only if, there exist matrices
for all i S  .
Proof. For system (6), we construct the following Lyapunov function
Hence
The rest of the proof is similar to that of Theorem 9 in Xiong & Lam (2007) , and is omitted here. Now, we establish a sufficient condition for the mean-square stability of closed-loop system (6) in the form of LMIs with matrix equality constraint from Lemma 2.
Lemma 2. The closed-loop system (6) is mean-square stable, if there exist matrices
hold for all i S  , where 
Then, substituting (16) into (11) yields
As
which is equivalent to
Thus, it follows from (17) and (18) that
Pre-and post-multiplying (19) by 
which is equivalent to (7) with In this paper, the output feedback stabilization problem has been considered for NCSs with random communication delays. A Markov chain is employed to describe the random communication delays, and based on the Markov model, the output feedback controller is designed which guarantees the mean-square stability of the resulting closed-loop systems. Furthermore, it has been shown that the controller design problem under consideration is solvable if a set of LMIs is feasible. Simulation results illustrate the feasibility and effectiveness of our methods.
